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Abstract: Repetitive DNA elements representing 60-70% of the total repetitive DNA in tetraploid 
cotton (Gossypium burbudense L.) and comprising 30-36% of the tetraploid cotton genome were 
isolated from a genomic library of DNA digested with a mixture of four blunt-end cutting 
restriction enzymes. A total of 3 13 clones putatively containing nuclear repetitive sequences were 
classified into 103 families, based on cross hybridization and Southern blot analysis. The 
103 families were characterized in terms of genome organization, methylation pattern, abundance, 
and DNA variation. As in many other eukaryotic genomes, interspersed repetitive elements are the 
most abundant class of repetitive DNA in the cotton genome. Paucity of tandem repeat families 
with high copy numbers (>lo3) may be a unique feature of the cotton genome as compared with 
other higher plant genomes. Interspersed repeats tend to be methylated, while tandem repeats 
seem to be largely unmethylated in the cotton genome. Minimal variation in repertoire and overall 
copy number of repetitive DNA elements among different tetraploid cotton species is consistent 
with the hypothesis of a relatively recent origin of tetraploid cottons. 

Key words: genome analysis, genome evolution, tandemly repetitive DNA sequences, interspersed 
repetitive DNA sequences, polyploid. 

RCsumC : Des klkments d'ADN rkpktk reprksentant 60-70% de tout I'ADN rkpktk et constituant 
30-36% du gknome chez le cotonnier tktraploi'de (Gossvpium barbadense L.) ont kt6 isolks d'une 
banque gknomique prkparke suite a la digestion de I'ADN avec un mklange de quatre enzymes 
produisant des bouts francs. Un total de 3 13 clones contenant vraisemblablement des skquences 
d'ADN rkpktk d'origine nuclkaire ont kt6 classifiks en 103 familles suite a des analyses 
d'hybridations croiskes et Southern. Ces 103 familles ont kt6 caractkriskes en fonction de leur 
organisation gknomique, de leur mkthylation, de leur abondance et de leur variation au niveau de 
la skquence nuclkotidique. Comme dans plusieurs autres gknomes eucaryotiques, les skquences 
rkpktkes disperskes forment la classe la plus abondante chez le cotonnier. Par contre, ce gknome 
se distingue des autres gknomes vkgktaux par le faible nombre de familles d'ADN rkpktk en 
tandem en copies multiples (> lo4)). Dans le gknome du cotonnier, les skquences rkpktkes 
disperskes tendent a &re mkthylkes alors que celles rkpktkes en tandem sont largement non- 
mkthylkes. La variation minime quant au rkpertoire et quant au nombre de copies global des 
klkments d'ADN rkpktk entre les diffkrentes especes tktraploi'des du cotonnier sont en accord avec 
l'hypothese selon laquelle les cotonniers tktraploi'des seraient d'origine relativement rkcente. 

Mots cle's : analyse gknomique, kvolution des gknomes, skquences d'ADN repktkes en tandem, 
skquences d'ADN rkpktkes disperskes, polyploi'de. 
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Introduction 

Most higher plant genomes are comprised largely of repet- 
itive DNA sequences (Bennett and Smith 1976; Murray 
et al. 1978, 1979; Flavell 1980, 1982a, 1982b; Thompson 
and Murray 1981). Nuclear DNA content can vary widely 
among plant species, even within the same family, and 
much of this variation in nuclear DNA content seems to 
be due to variation in the amount of repetitive DNA (Flavell 
e t  al .  1974; Murray e t  al .  1978,  1979; Flavell  1982a ,  
1982b). Therefore, cloning and characterization of repetitive 
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sequences is an efficient means of studying the majority 
of a eukaryotic genome. 

While the function of repetitive DNA still remains a 
subject for speculation (Lewin 1982; Hastie 1985), repetitive 
sequences are very useful in both evolutionary studies and 
genome mapping. Specifically, repetitive DNA sequences 
have been used to infer phylogenetic relationships among 
related taxa (Miller et al. 1988; Zhao et al. 1989; DvoPhk 
and Zhang 1990; Fabijanski et al. 1990; Crowhurst and 
Gardner 199 1; Zhao and Kochert 1993b), and for genetic 
mapping (Levy et al. 199 1 ; Siracusa et al. 199 1 ; Zhao and 
Kochert 1992, 1993a), DNA fingerprinting (Jeffreys et al. 
1985; Nakamura et al. 1987; Siracusa et al. 1991; Zhao 
and Kochert 1993b), physical mapping (Nelson et al. 1989; 
Ledbetter et al. 1990a, 1990b; Stallings et al. 1990), and 
gene cloning (Brilliant et a]. 1991; Erlich et al. 1991). 

The cotton genus, Gossypium L., has long been a focus 
of genetic, systematic, and breeding research. Cotton is 
the world's leading fiber crop, and its second most important 
oilseed. Gossypium is comprised of about 50 diploid and 
tetraploid species indigenous to Africa, Central and South 
America, Asia, Australia, the Galapagos, and Hawaii (Fryxel 
1979, 1992). Diploid species are all n = 13 and fall into 
seven different "genome types," designated A through G 
based on chromosome pairing relationships (Beasley 1942; 
Endrizzi et al. 1984, 1985). A total of 5 tetraploid (n = 
2x = 26) species are recognized. All tetraploid cottons 
exhibit disomic chromosome pairing (Kimber 196 1). 
Chromosome pairing in interspecific crosses between 
diploid and tetraploid cottons suggests that tetraploids con- 
tain two distinct genomes, which resemble the extant 
A genome of G. herbaceum (n = 13) and the D genome 
of G. raimondii Ulbrich (n = 13), respectively. The world's 
cotton fiber is produced from four species, G. arboreum L. 
(n = 13, A genome), G. herbaceum L. (n = 13, A genome), 
G. barbadense L. (n = 26, AD genome), and G. hirsutum L. 
(n = 26, AD genome). 

Prior evidence from DNA reassociation kinetics (Walbot 
and Dure 1976; Wilson et al. 1976; Geever et al. 1989) 
suggests that 50-65% of the tetraploid cotton genome is 
composed of low-copy DNA and 35-50% is repetitive 
DNA. Evidence of interspersed elements, some of which 
putatively resulted from ancient retrotransposition, is also 
well documented (Vanderwiel et al. 1993). 

As part of a long-term program to understand the orga- 
nization and evolution of the cotton genome, we describe 
the cloning and characterization of major repetitive DNA 
elements from tetraploid cotton. This work complements our 
recent analysis of the organization of low-copy elements and 
the characterization of homoeologous relationships and 
subgenomic origins of the chromosomes of tetraploid cotton 
(Reinisch et al. 1994). In the present work, 103 families of 
repetitive DNA elements were characterized for their orga- 
nization, abundance, and DNA variation among different 
cotton species. 

Materials and methods 

Plant material and DNA isolation 
Plant materials used in this study (Table 1) include rep- 
resentatives of each wild tetraploid species, as well as 

several cultivars from each of the two cultivated tetraploid 
species G. barbadense L. and G. hirsutum L. Leaf tissue 
was harvested for DNA isolation as described previously 
(Paterson et al. 1993). 

Genomic library construction and screening 
A genomic library was constructed from G. barbadense L. 
var. Pima S6, in pBluescript KS (+) (Stratagene, U.S.A.). 
To minimize bias in representation of the genome, genomic 
DNA was partially digested with a mixture of four blunt- 
end cutting enzymes (AluI, DraI, HaeIII, and HincII). 
DNA fragments of 0.2 to 1 kilobases (kb) were isolated 
(gel purified) and ligated into the EcoRV site of pBluescript 
KS (+). The ligation mixture was used to transform 
Escherichia coli strain XL 1 -blue (Stratagene, U.S.A.). 
Recombinants were selected on Luria broth (LB) plates 
with ampicillin, X-Gal, and isopropyl-P-D-thiogalacto- 
pyranoside and transferred to new LB plates containing ampi- 
cillin. A total of 1900 recombinant colonies were trans- 
ferred to new LB plates by hand with toothpicks. Duplicate 
filters were made and colony hybridization was carried 
out to screen repetitive DNA clones using [ 3 2 ~ ] d ~ ~ ~  labeled 
Pima S6 genomic DNA prepared by random primer labeling 
(Feinberg and Vogelstein 1983). Clones that strongly 
hybridized to Pima S6 genomic DNA were PCR amplified 
and the products (2.5 pL) were electrophoresed thru 1% 
agarose gels and blotted onto Hybond N +  membranes 
(Amersham, U.S.A.) as described elsewhere (Chittenden 
et al. 1994). Membranes were probed with [ 3 2 ~ ] d ~ ~ ~  
labeled tobacco chloroplast DNA, exposed to X-ray films, 
stripped with 0.1 M NaOH, and reprobed with [ 3 2 ~ ] d ~ ~ ~ -  
labeled Pima S6 genomic DNA. Clones that showed strong 
hybridization to genomic DNA, but not to chloroplast 
DNA, were subjected to further analysis. 

Southern blotting and hybridization 
Genomic DNA was digested with various restriction 
enzymes (indicated in figure legends) following the 
supplier's instructions. Electrophoresis and blotting of 
genomic digests were as described elsewhere (Chittenden 
et al. 1994). Genomic blots used 5 pg  of DNA from 
G. barbadense L. var. Pima S6, digested with each of 13 or 
18 restriction enzymes. 

To evaluate the organization-of individual repetitive 
DNA probes in the cotton genome, three restriction enzymes 
(EcoRI, AluI, and DraI) were used to digest DNA samples 
(5 pg) from different species and cultivars (Table I). 

To classify repetitive DNA clones into families, plasmid 
DNA from putative nuclear repetitive DNA clones was 
digested with restriction enzymes to release inserts from 
the recombinant plasmids, electrophoresed on 1 % agarose 
gels, and Southern blotted (Chittenden et al. 1994). Several 
sets of filters containing nuclear repetitive clones were made, 
and each set was hybridized to one repetitive DNA sequence 
at a time. All clones that hybridized with the same clone 
were considered to belong to a family, and individual fam- 
ilies were further verified by comparing Southern blot 
hybridization patterns on the replica blots containing Pima S6 
DNA digested with either 13 or 18 restriction enzymes. 

Probe labeling and hybridization of labeled probes to 
nylon filters were as described elsewhere (Chittenden et al. 
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Table 1. Cotton species and their genomes. 

Species Genome Accession Geographic origin 

G. hirsutum (AD), TM 1 
Coker 3 15 
Stoneville 825 
TAMCOT 2 11 1 
TAMCOT CAMD-E 
Paymaster 145 
Acala 15 17-75 
TX 25 
palmeri 

G. barbadense (AD), AZK 263 
3-79 
Pima S6 
KlOl 

G. darwinii (AD), PW 44 

G. tomentosum (AD), GH 3574 

G. mustelinum (AD), AD 4-7 

U.S.A. 
U.S.A. 
U.S.A. 
U.S.A. 
U.S.A. 
U.S.A. 
U.S.A. 
Mexico 
Mexico 

U.S.A. 
U.S.A. 
U.S.A. 
Bolivia 

Galapagos Islands 

Hawaii (U.S.A.) 

Brazil 

Note: Genome designations follow Endrizzi et al. (1985). 

1994). The membranes were washed at 65OC in 1X SSC 
(0.15 M NaCl plus 0.015 M sodium citrate) and 0.1 % SDS 
for 20 min, 0.5X SSC and 0.1% SDS for 20 min, and 
0.5 X SSC and 0.1 % SDS for 60-90 min. Autoradiogaphy 
used Fuji X-ray film and a single Spectra L-Plus intensi- 
fying screen at -80°C. 

Slot blot hybridization 
Quantitative slot blot hybridization (Rivin et al. 1986) was 
used to estimate copy numbers for selected DNA sequence 
families following Zhao et al. (1989). Nuclear DNA from 
G. hirsutum L. race "palmeri" was used in this experiment. 
Its genome size was estimated as 4.655 pg12C (e.g., 2.246 X 
lo9 base pairs (bp) I haploid genome), which is the average 
of two cultivars of G. hirsutum L. (Arumuganathan and 
Earle 1992). 

DNA sequence analysis 
Cloned repetitive elements were subjected to cycle sequenc- 
ing on both strands using either T7 and T3 primers or M13 
forward and reverse primers, making use of an automated 
DNA sequencer (model 373A, version 1.2.0, Applied 
Biosystems, Foster City, Calif.). 

Results 

The cotton DNA library was characterized by probing with 
genomic DNA and chloroplast DNA successively. A total of 
1900 recombinants were screened, having an average insert 
size of 500 bp and representing a total of about 1 million 
base pairs, or about 0.04% of the tetraploid genome. Three 
hundred and thirteen nuclear repetitive DNA clones were 
selected for further study from the library by colony 
hybridization and Southern blot hybridization on filters 
containing PCR-amplified recombinants, successively. Based 
on screening of 0.04% of the genome, it was anticipated 

that the majority of elements that occur in 2500 copies or 
more should be represented among these clones. 

Based on cross hybridization and comparison of Southern 
hybridization patterns, the 3 13 repetitive DNA clones were 
classified into 103 different families of nonoverlapping 
elements. 

Organization of repetitive sequences 
Southern blot hybridization on blots containing Pima S6 
genomic DNA digested with 13 or 18 restriction enzymes 
was used to investigate the organization of repetitive DNA 
in tetraploid cotton. Hybridization patterns were analyzed 
for each repetitive DNA clone. Figure 1A shows an example 
of Southern blot hybridization using an interspersed repeat 
clone, pXP004, as a probe. Individual bands were barely 
discernible with strong background hybridization on most 
restriction enzyme digests. In contrast, tandem repeats 
show one or a few bands with most restriction digests 
(Fig. 1B). In some instances, tandem repeats were con- 
firmed by a ladder with complete digests (Fig. lB), indicat- 
ing point mutations that eliminated the relevant restriction 
site(s). Tandem organization was further clarified by partial 
digestion of genomic DNA and confirmation that a ladder 
of bands was observed (not shown). 

Assignment of individual elements to a "tandem" or 
"interspersed" motif was not always absolute. Some repeat 
families showed multiple bands on most of the enzyme 
digests with less background (Fig. 1C) than classical inter- 
spersed repeats (Fig. 1A). In addition, for some enzyme 
digests only a few bands were found (Fig. 1C). These 
results suggest that some copies of such families are inter- 
spersed in the genome, with other copies clustered in a 
few regions of the genome. We classify such repetitive 
DNA sequences as "partially interspersed (PI). A few repet- 
itive sequences showed several hybridization bands with 
most enzyme digests, with little or no smear hybridization 
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Fig. 1. Southern blot hybridization analysis showing the organization of repetitive DNA in the cotton genome. Genomic 
DNA of G. barbadense L. var. Pima S6 was digested with (A, C, and D) AluI, BamHI, BglI, BstNI, CfoI, DraI, EcoRI, 
EcoRV, HaeIII, HhaI, HindIII, HpaII, PstI, PvuII, Sau3A1, S ' I ,  TaqI, and XbaI (lanes 1-18, respectively) or with (B) HpaII, 
MspI, BamHI, CfoI, DraI, EcoRI, EcoRV, HaeIII, HindIII, PstI, Sau3A1, TaqI, and XbaI (lanes 1-1 3, respectively). Digested 
DNA and molecular weight marker (M, XDNA digested with HindIII, bands from top to bottom are 23.1, 9.4, 6.6, 4.2, 2.3, 
2.0, and 0.6 kb, respectively) were fractionated by electrophoresis in 1% agarose gels, Southern blotted, and hybridized to 
the cloned repetitive DNA sequences. (A) Typical hybridization patterns generated by probing with an interspersed repeat, 
pXP004. (B) Typical hybridization patterns obtained by probing with a tandem repeat, pXP031. (C) An example of hybridization 
patterns generated by probing with a partially interspersed repeat, pXP172. (D) An example of hybridization patterns obtained 
by probing with a partially tandem repeat clone, pXP128. 

(Fig. ID), suggesting that most species of these families are 
organized in tandem arrays with a few copies interspersed 
or with repetition of a mutated sequence in the genome. 
Such repetitive DNA families were classified as "partially 
tandem" repeats (PT). 

Therefore, each of the two broad categories was divided 
into two subgroups: interspersed or partially interspersed and 
tandem or partially tandem. Results for each of the 103 fam- 
ilies are summarized in Table 2. A total of 83 (81%) of 
the 103 repetitive DNA families are interspersed or par- 
tially interspersed repeats (I, 43 families; PI, 40 families), 
and the remaining 20 (19%) are tandem or partially tandem 
repeats (T, 18 families; PT, 3 families). 

Methylation of repetitive sequences 
Methylation of repetitive sequences in the cotton genome 
was investigated by comparing hybridization patterns of 

genomic blots containing MspI digests with those of HpaII 
digests. Although HpalI and MspI recognize the same 
nucleotide sequence (5 '  CCGG 3'), HpaII is sensitive to 
methylation of either of the two cytosines in its recognition 
sequence, while MspI is sensitive only to methylation of the 
external cytosine. Therefore, differences in hybridization pat- 
terns between these two enzyme digests should reflect 
variation in the degree of methylation in the target sequences. 

The methylation pattern was determined for each of the 
103 repeat families and summarized in Table 2. ~ndividual 
families were either classified as methylated or not methyl- 
ated (N) .  Out of the 103 families, 33 (32%) produced 
identical hybridization patterns with these two restriction 
enzymes, and therefore, are not methylated. As an example, 
Fig. 2A shows hybridization patterns generated by probing 
with such a clone (pXP039). However 70 (68%) of the 
103 repeat families showed different hybridization patterns 
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Table 2. Methylation of cotton repetitive 
DNA sequences. 

Methylation patterns 
of repeat familiesb 

Organization" H M L N Total 

I 4 11 17 11 43 
PI 7 15 13 5 40 
T 0 2 0 15 17 
PT 0 1 0 2  3 

Total 1 1  29 30 33 103 

"I, interspersed; PI, partially interspersed; T, tandem; 
PT, partially tandem. 

"H, highly methylated; M, moderately methylated; 
L, low methylated; N, not methylated. 

with the two enzymes, indicating methylation. Different 
degrees of methylation were observed for these families. In 
highly methylated (H) families, virtually all hybridization 
signal on the HpaII digest was in the high molecular weight 
range (ca. >10 kb), suggesting virtually no digestion of 
the repeat with the enzyme. In contrast, most hybridization 
signal was in a much lower molecular weight range for 
the MspI digest (Fig. 2B). The relative hybridization signals 
in the lower molecular weight range for the MspI digest 
reduced gradual ly  f rom modera te ly  methyla ted  ( M )  
(Fig. 2C) to low methylated (L) (Fig. 2D). 

Most interspersed or  partially interspersed families (67 
of 83) in cotton were found to be methylated. In contrast, 
most tandem or partially tandem repeats (17 of 20) were not 
methylated. However, exceptions were found in each case 
(Table 2). 

Abundance of repetitive sequences 
The relative abundance of repeat families was first estimated 
to be high, moderate,  or  low by visual comparison of 
hybr id iza t ion  s ignals  on  Southern  b lo ts .  All "high- 
abundance" families (25) and 8 representative "moderate- 
abundance" families were selected for more rigorous copy 
number estimation by quantitative slot-blot hybridization. 
Copy number, and the percentage of the haploid genome 
comprised by each of the 33 families are shown in Table 3. 
This determination has an inherent assumption that the 
cloned sequence is representative of its respective family. 

H igh -abundance  f ami l i e s  ranged f rom 1 5  0 0 0  to  
100 000 copies, while moderate-abundance families ranged 
from 4 000 to 10 000 copies. We estimate that sufficient 
DNA was present on our colony lifts to detect elements 
occurring in > 100 copies, thus low-abundance families are 
estimated to range from 100 to 4000 copies. Since there 
is no overlap in copy numbers among the "classes" we 
determine by visual assessment of hybridization signal on  
genomic Southern blots (high abundance, moderate abun- 
dance, and low abundance), this visual assessment represents 
a meaningful (albeit approximate) estimation of copy number. 

Together, the 33 families for which copy numbers were 
determined by slot-blot hybridization analysis (see above) 
constitute 24.5% of the haploid genome of G. hirsutum L. 

Fig. 2. Southern blot hybridization showing methylation 
patterns of repetitive DNA in the cotton genome. Genomic 
blots containing HpaII (lane 1 )  and MspI (lane 2) digests 
of G. barbadense L. var. Pima S6 were hybridized to the 
cloned repetitive DNA sequences. Examples of different 
degrees of methylation are shown: (A) not methylated 
(N, pXP39), (B) highly methylated (H, pXP0 16), 
(C) moderately methylated (M, pXPOl5), and (D) low 
methylated (L, pXP027). 

Individual families accounted for 0.03-2% of the haploid 
cotton genome. Further, using copy numbers of the elements 
ana lyzed ,  w e  can  es t imate  the port ion of the  genome  
accounted for by the remaining elements deemed to be of 
similar abundance by visual assessment of hybridization 
signals. Forty-six families estimated visually to be mod- 
erately abundant would comprise about 7.2% (the mean 
of the estimated range of 4.0-10.3%, which corresponds to 
the range in copy number of the moderately abundant 
class) of the haploid genome using the average copy number 
for  the 6 moderately abundant families (7100) and the 
average insert size of 500 bp. The 24 low-abundance fam- 
ilies would probably have a copy number of less than 10' 
and make up less than 0.5% of the haploid genome. There- 
fore, the 103 repeat families comprise 29-35% (32.2%) 
of the haploid genome of G. hirsutum L. Hybridization 
signal from Southern blots of different tetraploid cotton 
species showed no obvious differences for all the repeat 
families analyzed, suggesting that this estimate is generally 
applicable across tetraploid cottons. 

Polymorphisms detected by repetitive DNA sequences 
among cotton species 

Variation at individual repetitive DNA sequence loci among 
five different tetraploid cotton species (Table 1) was ana- 
lyzed by Southern hybridization. One to two blots of the 
three restriction enzyme digests (EcoRI, AluI, and DraI )  
were used in hybridization to each of the 103 repetitive 
sequences. As an example, Fig. 3 shows Southern blot 
hybridization of EcoRI digested genomic DNA of the five 
tetraploid cotton species to pXP020. Very similar or  iden- 
tical hybridization patterns are obvious among all the five 
species. Figure 3 also shows some variation in relative 
abundance of pXP020 in different species. Gossypium 
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Table 3. Characteristics of selected repeat families. 

Copies per Insert Percent 
Probe haploid size haploid 
name genome" (bp) genomeh Organization Methylation 

"Estimated copy numbers of the repeat families. 
b~ercentage of the haploid genome of G. hirsuturn L. composed of individual families, calculated as 

copy number X insert size / 2.246 X 1 ~"~rumuganathan  and Earle 1992). 

barbadense (lanes 10-1 3), G. darwinii  (lane 14), and 
G. rnustelinum (lane 16) have fewer copies of the pXP020 
repeat than G. hirsuturn (lanes 1-9). However, no detectable 
variation in abundance was found on most repetitive families 
characterized in this study (not shown). Restriction fragment 
length polymorphisms (RFLPs) among the five tetraploid 
cotton species were detected on only 18 of the 103 families 
(17%). These results indicated that there is minimal varia- 
tion in the repetitive fraction of the genome among various 
tetraploid cotton species, suggesting a close relationship 
of these species. The 17 polymorphic repeat families may 
be useful for distinguishing different tetraploids. 

DNA sequence analysis 
Figure 4 shows DNA sequences of four repetitive elements, 
two representing tandem repeats (pXP196, GenBank 
accession Number U3 11 11 ; pXP1-3, U3 11 12) and two 

representing interspersed repeats (pXP 1-62, U3 1 1 13; pXP2- 
18, U3 11 14). The clone pXP196 contains a 357-bp fragment 
and has a AT content of 58.5%. There are two classes of 
imperfect direct repeats present in the cloned sequence, 
each represented by two elements. One member of each 
pair overlaps at positions 252-257 (Fig. 4). Although a 
relatively long open reading frame (ORF) is found in the 
sequence (positions 223-355), a GenBank search failed 
to find any sequences showing high homology to the clone 
at a fragment length of 40 bp or more. 

The 275-bp fragment of pXP1-3 is also AT rich (67.6%) 
and contains three classes of shorter repeats. A striking 
feature of the sequence is the presence of three perfect 
repeats (15 bp) located adjacent to each other with one 
nucleotide between repeat units (positions from 168 to 
214, Fig. 4). A second set of imperfect direct repeats is 
found, with one unit partly overlapping the last of the 
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three perfect repeats. Finally, the latter unit of a third pair 
of imperfect repeats (positions 203-2 17 and 2 18-232) 
almost completely overlaps one of the second set of repeats. 
Two short ORFs were found (positions 18-42 and 98-140) 
in the sequence but showed no homology to known genes. 
Two different regions of the sequence show 61% (47 of 
77) DNA sequence similarity with the Sus scrofa (pig) 
epsilon-globin gene (GenBank accession Number X86792) 
and 66% (38 of 57) DNA sequence similarity with the 
Bacillus spp. NaIH transporter (GenBank accession Number 
D3 1823), respectively. 

The 464-bp fragment of pXP1-62 (63.6% AT) includes 
two classes of repeats. In one class, a pair of 14-bp inverted 
repeats (two mismatches) is found (positions 70-97) and 
two additional units near the end of the element are in the 
5'-3' orientation. The other class is also present as two 
elements with three mismatches (all C versus G) and start- 
ing at positions 255 and 285, respectively. No sequences in 
the GenBank share homology with pXP1-62 over a length 
of 60 bp or more. 

pXP2-18 contains a DNA fragment of 630 bp (62% 
AT). Two classes of repeats are found within the element. 
A pair of direct repeats of 28 bp (with one base mismatch) 
is separated by one nucleotide, as shown in Fig. 4 (posi- 
tions 84-1 1 1 and 1 13-140). In addition, four imperfect 
12-bp repeats are scattered throughout the sequence. A long 
ORF is also found (positions 259-630, including two of the 
12-bp repeats); however, shared homologies are limited to 
very short DNA fragments (less than 50 bp), making it 
difficult to infer functional significance of the sequence. 

Discussion 

Global cloning and characterization of repetitive 
DNA in the cotton genome 

We have isolated 103 families of repetitive DNA elements, 
which are estimated to comprise 29-35% of the genome, 
and 60-70% of the repetitive fraction of tetraploid cotton. 
Therefore, we believe that we have cloned and characterized 
at least segments of most of the abundant repetitive DNA 
elements in the tetraploid cotton genome. While cloning 
of repetitive sequences is routinely done, most previous 
studies have targeted specific elements digestible with a 
particular restriction enzyme or have characterized a small 
portion of the overall repetitive fraction. Our objectives 
are to understand the overall organization and distribution 
of repetitive DNA among different cottons and to utilize 
repetitive DNA as a tool in both global and local analysis 
of the cotton genome. 

To isolate repetitive DNA on a genome-wide scale, a 
genomic library containing a representative sample of 
genomic DNA is required. Ganal et al. (1988) isolated and 
characterized four major repeat families from tomato by 
constructing and screening a sheared DNA library. Prior 
analysis showed that the sheared DNA library was a rep- 
resentative sample of the genome and that 22% of the 
clones in the library contained repetitive DNA (Zamir and 
Tanksley 1988). The four repeat families characterized 
accounted for approximately 5% of the total nuclear genome 
in tomato and 25-50% of all repetitive DNA (Ganal et al. 
1988). In this report, we constructed a genomic library 

Fig. 3. Southern blot hybridization analysis showing 
similar RFLP patterns among various tetraploid cotton 
species generated by probing with the repetitive DNA 
sequence. Genomic blot containing EcoRI-digested DNA 
from different cotton species and cultivars was hybridized 
to the cloned repetitive DNA sequence pXP024. Lanes 1-9: 
Gossypium hirsutum (AD),: lane 1 ,  TM 1; 2, Coker 3 15; 
3, Stoneville 825; 4, TAMCOT 21 11; 5, TAMCOT 
CAMD-E; 6, Paymaster 145; 7, Acala 15 17-75; 8, TX25; 
9, palmeri; lanes 10-1 3: G. barbadense (AD),: 10, 
AZK 263; 1 1 ,  3-79; 12, Pima S6; 13, K101; lane 14: 
G. darwinii (AD),, PW 44; lane 15: G. tomentosum 
(AD),, GH 3574; lane 16: G. mustelinum (AD),, AD 4-7. 
See Table 1. 

from DNA that was partially digested with a mixture of 
four blunt-end cutting enzymes (AluI, DraI, HaeIII, and 
HincII). All four enzymes have different recognition sites 
and have a total expected cutting frequency of 11128 bp. In 
addition, HaeIII, HincII, and probably also DraI (AAATTT), 
are insensitive to methylation. Therefore, the DNA library 
should provide a reliable representative sample of the 
tetraploid cotton genome. Compared with a sheared library, 
the mixed enzyme partial genomic library is much easier to 
construct, since it does not require additional molecular 
manipulation of the DNA fragments such as addition of 
poly G or of linkers or adapters to the ends of sheared 
DNA fragments before they can be cloned. 

The possibility that different parts of a repeat were 
cloned into different families (as classified in this study) 
cannot be ruled out by the available data, but comparison 
of Southern hybridization patterns of different clones on 
replica blots containing 13 or 18 enzyme digests suggests 
that such duplication accounts for few, if any, families. 
For most repeat families, an insert size of 500 bp fits well 
with the average size of individual repeat units in most 
plants (usually 300-800 bp; Flavell 1980; Thompson and 
Murray 198 1 ; Lapitan 1992). 

Repetitive DNA with less than 100 copies would prob- 
ably not be detected by colony hybridization and is therefore 
not included in our collection. We know from analysis of 
ca. 3000 candidate DNA sequences (not shown) for RFLP 
mapping that numerous low-abundance families do occur 
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Fig. 4. DNA sequence analysis of four repetitive elements. Direct and inverted repeats are 
indicated underneath the sequence data. Different subdomains, of related DNA sequence, 
within each repetitive element, are indicated by solid or dotted lines. 

pXP 1 9 6 1 CTGGAGACAA GAGATTCATA TGAGAAAACA TAAGTAAACG AGCCTCCGCT TGCGCCTCTA 6 o 
6 1  AAGATAAAGG TACATGAACT GTCATTTGAT CCCCATCAAA GTCTGCATTG AATCCCTTAC 1 2 0  ---. 

1 2 1  AAACTAATGG ATGTAAACAA ATAGCGTGTC CTTCCACTAA AATAGGTTGG CATGCCTGTA 1 8 0  
-b 

1 8 1  TACCTAATCT ATGCAGAGTA GGCGCTCTAT TCAGCAATAC AGGATGTCCC CGCATAACTT 2 4 0  
2 4 1  CTTGCAGTAT CTCCCATACA ATCGGCCCTT TTTTCCCGAA TTTTACTCTC AGGATCTCCT 3 0 0  --* 
3 0 1  ATGTTCGGAG CATGATGTTG TCTTATTAGA ACGCGAATTA CAAATGTCTG GAAAAAG 3 5 7  + 

pXP1 - 3  1 CCTI'ATCCAC ACAAGTAATG GAGAGCATAC AAAAGCTTTA GAATATTATT TTCGAGCACT 6 0  
6 1  AGAACGAAAC CCGTTCTTAC CACAAGCTTT TAATAATATG GCTGTGATCT GTCATTACGT 1 2 0  

1 2 1  GCGACTATCT CCACTATAGA AATAAAAAAA GGAAAGAAAG AGCAAATACG CTAGTAAATA 1 8 0  ------- b 
1 8 1  AATACGCTAG TAAATAAACA CGCTAGTAAA TAAAATACTA GAAAAAAAAA TAGGCTTTCT 2 4 0  - -!!!+=-=-z-* 
2 4 1  ACATATTGCA TCGTCCAAAA AACGATTTTT ATCAG 2 7 5 

pXP1 - 6 2  1 AGGACCTCAA CCACCGATAG GACATTCATG ACTAGCACCC 
6 1  ACA'I'GTCATT TGTATCTTAA GAATTCTTAA GGTTCAACCA 

1 2 1  CATCACAGCC ATTGATATGT TCATATATAT CGATCCATCT 
1 8 1  AAATCTACTA TAAATACCAT AACCCACGAT AACCATACAT 
241  TATGGGTGTA GTAGTTAGGT TGATCTACTC CAAAGCTCTC - 
3 0 1  GTGCCCATGG TTTATCTTGG ACCTAUATAG ATTATTTATA 
3 6 1  CCGGACCTCA ATAATTTTCA ATTCACTCCA TAATTCACAT 

4 2 1  TCGGGCACTA ACTATCTTAC CTCAACAGAA TTTTGACCTT - - - -b 

AAAATTCGAG CTCCCTAATG 6 0  
AGACTCAATA TCTGTCAACT 1 2 0  

ACATCACACA TAACATAATA 1 8 0  
AGAAACTCCA CCCCGATGAC 2 4 0  
ACTTTTACCT TGATCTACGT 3 0 0  

________) 
TTCAAATTAA ATACTTTCAG 3 6 0  
CTATGCAATC TTTACTCAAC 4 2 0  - - -  -b 
AATG 4 6 4  

pXP2-1 8 1 CTAGCTAAAT CATGTTTTTA TGACCTCAAA TCTATAAAAT TACAAGAAAA TAATCACTGA 6 0  
6 1  CTTACTTGAA TCATGAAGTT ATCAGCTTGG AGCCCTAAGA ATGACATCTC CAAGGTTGGA 1 2 0  - - - + 

1 2 1  GCCCTAAGAA TGACATCTCC CCACTTATCT TCATGTTTCA TGATCGCACT GTAGATCTGA 1 8 0  - 
1 8 1  GCCCAGTTAT TCTACTAATT GAATAATAAT AAATTAACTG TTATTTAAGT TTAATTCTAC 2 4 0  - - -  + 
2 4 1  CATCTTTTGC GCTAATCCAT GATTATTCAA ACAAATATTT TAGTTATCAT GTGGTGTCTA 3 0 0  
3 0 1  GACATTCCAA TAGCTAGCCA TTATCAGCTA TTTACATGCG ATTCATTAGA CACCTTCCCC 3 6 0  ---- -b 
3 6 1  TATACATCCA CCACCAGAGG ACTTAAACAT CTCACGTCTT CACTTTTATG TCGGTCTTCA 4 2 0  
4 2 1  AAGCCCCACA AATGCATCAA TAAATTGGAC TTTCGCCACA TAGGCCACAC ATCACTTAGT 4 8 0  
4 8 1  ATTTTCTCTC GATCTACAAG GCCATCACAA GGCCAACCTC AACGGATTTG CCTTCTCATT 5 4 0  --- 
5 4 1  ACATGCTCAC CAATTGTTCA ATATCATCAG TGTCAAAGGT ATCCTCATGT AACCAAACTT 6 0 0  -+ 
6 0 1  CTTTTGAGAG GCAACGGGGC CATCTGTCCC 6 3 0  

in cotton. In addition, a few more repeat families from 
other genomic libraries, 5 s  rDNA and part or complete 
repeats of 45s  rDNA, have been isolated and are not 
included in this report (unpublished). The figure of 32.2% 
is therefore a minimum estimate of the repetitive fraction 
in the tetraploid cotton genome. Independent estimates of 
the size of the repetitive fraction in tetraploid cotton range 
from 35 (Walbot and Dune 1976) to 50% (Wilson et al. 
1976; Geever et al. 1989). Conservatively, repeat families 
characterized in this report should account for at least 60% 
of the repetitive fraction of the tetraploid cotton genome. 

General features of the repetitive DNA fraction 
of cotton 

Most repeat families (83 of 103) isolated in this study are 
interspersed in the cotton genome and have copy numbers 
that range from 10' to lo4 (except for three families. pXP004, 
pXP020, and pXP072, with a copy number of 10') and thus 
fall into the moderate-abundance class ( 10'-10' copies; 
Bouchard 1 982). Therefore, moderately abundant interspersed 
repetitive DNA comprises the largest class of repetitive 
sequences in the cotton genome, as in most eukaryotic genomes 
characterized (Bouchard 1982; Lewin 1982; Hastie 1 985). 
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Tandemly repetitive DNA, the satellite DNA, usually 
represents the most highly repetitive sequence family in 
eukaryotic genomes (Singer 1982; Flavell 1982a). Tandem 
repeat families with high copy numbers have been detected 
and isolated from many plant species (Bouchard 1982; 
Flavell 1982a, 1986; Lapitan 1992; Zhao et al. 1989). Out 
of the cloned 103 repeat families, only 20 (19%) are tan- 
dem repeats. Five were estimated to have a copy number in 
the range of lo4 and the rest had a lower copy number. 
None of the tandem repeats meets the traditional threshold 
of 1 oh copies (Singer 1982) for classical "highly repetitive" 
DNA. Satellite DNA tends to have short repeat units and 
might be more prominent in a sheared library than in our 
mixed enzyme partially digested library. Alternatively, the 
cotton genome seems to have few, if any, tandem repeat 
families with a copy number comparable with the inter- 
spersed repeat families having the highest copy number 
so far identified. This unusual feature of cotton is supported 
by evidence from DNA-DNA reassociation kinetics, which 
showed the rapidly reassociating fraction to be small 
(Wilson et al. 1976; Geever et al. 1989), and buoyant den- 
sity centrifugation experiments, which showed no detectable 
satellites (Walbot and Dure 1976). This feature makes the 
cotton genome different from many other higher plant 
genomes (Flavell 1982a; Lapitan 1992). 

While Southern hybridization analysis provides informa- 
tion about the organization of repetitive DNA, the reliability 
of conclusions drawn from such an analysis depends heavily 
on the number of restriction enzymes used. A tandem repeat 
might be considered to be interspersed if the enzymes used 
do not have recognition sites within the repeat. To minimize 
this problem, we used a minimum of 13 restriction enzymes 
in our Southern hybridization analysis. Hybridization pat- 
terns on all the restriction enzymes were considered when 
we analyzed the organization of a given repetitive DNA in the 
tetraploid genome. This allowed a more detailed compari- 
son of the organization of repetitive sequences to be made. For 
example, the difference among repeat families within the 
category of interspersed repeats would permit distinction 
between typical interspersed and partially interspersed repeats. 
Therefore, conclusions about the organization of repetitive 
DNA in the genome are more reliable and better reflect the 
nature of a repetitive DNA in the genome. In addition, this 
analysis and comparison among different repeats provide 
further evidence to clarify the classification of repeat fami- 
lies based on cross-hybridization experiments. 

Methylation patterns for all repeat families were ana- 
lyzed using the isoschizomer pair HpaII and MspI. A total 
of 70 (68%) of the 103 families are methylated to some 
degree. Cotton DNA has been estimated to have a 
G + C + 5 MeC content of 36.l%, of which about 25% 
of the C (4.6% of the total bases) is the methylated deriv- 
ative 5 MeC (Ergle and Katterman 1961; Walbot and Dure 
1976). Since the majority of repeat families are methy- 
lated, methylated C residues may be concentrated in 
the repetitive fraction of the cotton genome. We note 
that genomic DNA digestion with PstI, a methylation- 
sensitive enzyme, is a highly effective means of enrich- 
ing for 1- to 2-kb digestion products suitable as low-copy 
DNA probes (Reinisch et al. 1994). 

Most families of interspersed repetitive sequences, 
specifically 67 (8 1 %) of the 83 families, are methylated, 
while only 3 (15%) families of the 20 tandem repeats are 
methylated. This biased methylation pattern between the 
two classes of repetitive DNA may reflect a difference in 
base composition of DNA or chromosomal location between 
tandem and interspersed families. The isoschizomer pair, 
HpaII and MspI, can only detect methylation of C residues. 
It is possible that some of the tandem repeats are AT enriched 
in base composition and do not contain the recognition 
sequence for these two enzymes. Considering the high 
degree of homology among different repeats of the tan- 
dem class, as demonstrated in other cases (Flavell 1980, 
1982a, 1982b; Lapitan 1992), this possibility is very likely 
for those families that cannot be cut by the two enzymes. 
However, a single hybridization band with the same molec- 
ular weight for the two enzymes was also observed for 
some tandem repeat families. In such cases, the recognition 
site for the two enzymes must be within the repeat. It is 
therefore possible that the C residues existing in such tan- 
dem repeat families may be hypomethylated. 

Little variation in abundance of repetitive sequences 
was found among the tetraploid species of Gossypium. 
This suggests that little, if any, net amplification or deletion 
of individual repetitive sequences in the tetraploid genomes 
has occurred during the divergence of tetraploid specits 
from a common ancestor 1.1-1.9 million years ago (Wendel 
1989). It is well documented that repetitive DNA sequences 
represent a fraction of the plant genome undergoing rapid 
changes during the course of evolution (Brutlag 1980; 
Flavell 1980, 1982a, 1982b; Singer 1982; Evans et al. 
1983; Grellet et al. 1986; Martinez-Zapater et al. 1986; 
Crowhurst and Gardner 1991). As a result of the rapid 
changes, species- and genome-specific repetitive DNA 
sequences are not uncommon and have been isolated from 
a number of plant species (Bedbrook et al. 1980; Gerlach 
and Peacock 1980; Rayburn and Gill 1986; Schweizer et al. 
1988; Zhao et al. 1989; Hueros et al. 1990; Crowhurst and 
Gardner 199 1 ; Anamthawat-Jonsson and Heslop-Harrison 
1993). The 103 repeat families were estimated to com- 
prise about 29-35% of the tetraploid cotton genome. If 
polyploid formation had been ancient, discernible variation 
among these species in abundance for some of the 103 
repeat families might have accumulated. Therefore, our 
results support the conclusion drawn from the study of 
chloroplast genome variation (Wendel 1989) that tetraploid 
cottons are of relatively recent origin. 

Southern hybridization analysis based on 1-2 enzyme 
digests showed that most repeat families failed to detect 
RFLPs among tetraploid species, providing further evidence 
to support the above conclusion. It is noted that RFLP 
analysis using repetitive DNA sequences could likely fail 
to detect any rearrangements of a small number of repeats, 
considering the repetitive nature of the probes, especially 
those families with thousands or more copies, since most 
hybridization bands presumably arise from multiple copies 
of the repeat. However, such analysis sho.uld detect any 
changes involving the majority of copies of the repeat in the 
genome, therefore, providing information on genomic rela- 
tionship between related species. 
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On the other hand, a few repeat families did detect 
RFLPs among these tetraploid species. Since little variation 
in abundance for all repeat families was observed, these 
RFLPs may result from rearrangements of many copies of 
the repetitive DNA sequences in related tetraploid genomes. 

We note that similar levels of net abundance of repeats 
across the genome do  not necessarily reflect conserved 
copy number at any single site. Studies to be published 
separately will describe detailed characterization of locus- 
specific variation in copy number of  s imple-sequence 
repeats ("microsatellites"), which show every indication 
of being as useful in cotton as in human or other organisms 
(Beckmann and Soller 1990; Zhao and Kochert 1993a). 

Sequence analysis of four cotton repetitive elements 
suggests that many are AT rich, comprised in part of shorter 
direct and (or) inverted repeats, and contain ORFs. Although 
representing only a small subset of the total repertoire of 
repetitive element families in cotton, each of these features 
is, in principle, consistent with the possibility that replica- 
tive transposition may have played a significant role in 
cotton genome evolution (Vanderwiel et al. 1993). Sequence 
analysis of the entire repertoire of cloned cotton repetitive 
element families will afford more detailed characterization 
of the structure and function of these elements (X. Zhao and 
A.H. Paterson, in preparation). 

The use of repetitive DNA in physical mapping of the 
cotton genome 

Human geneticists have demonstrated that repetitive DNA 
is very useful for physical mapping (Stallings et al. 1990). 
The  construction of contigs from a given chromosomal 
region frequently involves the use of repetitive DNA as 
either hybridization probes or PCR primers for DNA finger- 
printing of individual YACs (Nelson et  al. 1989; Stallings 
et al. 1990). Similarly, repeat families reported here provide 
a rich source of hybridization probes for contig construction 
in cotton genome mapping. Three interspersed repeat fam- 
ilies, pXP004, pXP020, and pXP072, were estimated to 
have copy numbers of 100 000 (each) in tetraploid cotton, 
almost as abundant as the Alu family in the human genome 
(Deininger e t  al.  1981). Based on  in situ hybridization 
(C. Crane, D. Stelly, J. Wendel, X. Zhao, and A.H. Paterson, 
unpublished data), these three elements are different from 
each other and from the most prominent retroposon families 
in cotton (Vanderwiel et  al. 1993). Therefore, repeat ele- 
ments identified in this study provide new tools for physical 
mapping o r  painting of cotton ch ron~osomes  by in situ 
hybridization. 

The use of repetitive DNA in phylogenetic studies 
Although limited DNA variation in the repetitive elements 
was found among different tetraploid species, our survey of 
genome specificity showed that these repetitive elements 
have a wide spectrum of genome distribution. Either RFLPs 
or polymorphisms in abundance have been detected at dif- 
ferent levels among cotton species with A, B, C,  D, E, F, 
G, and AD genomes by the repeat families (X. Zhao and 
A.H. Paterson, in preparation). Therefore, the cloned repet- 
itive DNA is potentially useful for investigating species 
and genome relationships in the genus Gossypium L. 
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